Objective-To investigate how acetylcholinesterase inhibitor (ChEI) treatment impacts brain function in Parkinson's disease (PD).
Introduction
Cholinergic deficits are pronounced in Parkinson's disease (PD) and are a primary substrate of debilitating cognitive symptoms including attention and executive dysfunction (1) (2) (3) (4) . Acetylcholinesterase inhibitors (ChEIs), including rivastigmine and donepezil, have been associated with symptomatic improvements (5, 6) . In a randomized controlled study of rivastigmine in 487 patients with PDD, significant benefits over placebo were seen on four measures of attention (7) . Treatment was associated with enhanced attention compared to baseline, suggesting that rivastigmine was not simply preventing further deterioration but rather improved brain activity relevant for attention.
To elucidate the neural systems that underlie the effects of ChEIs on attention in PD, we investigated spontaneous brain activity in cognitively impaired PD patients compared to controls at baseline and after 3 months of rivastigmine treatment. To measure brain activity, we selected fractional amplitude of low frequency fluctuations (fALFF), a metric derived from task-free functional magnetic resonance imaging (fMRI) that represents the power of regional spontaneous and intrinsic brain activity at the local, voxel-wise level while the subject is at rest (8, 9) . More specifically, the amplitude of low-frequency fluctuations (ALFF) is the total power in the low-frequency range, and fALFF is calculated by dividing ALFF by the total power across all measurable frequencies. Whereas ALFF values increase near blood vessels and CSF, likely due to pulsations in those areas, fALFF is less susceptible to artifactual signals (8, 10) . Inter-individual differences in fALFF at rest were recently shown to predict performance on an Eriksen flanker test of attention, and in addition, to predict the magnitude of BOLD activation evoked during flanker task performance during a separate fMRI scan (11) . This study and others (9, 12) validate fALFF as a measure of intrinsic brain activity relevant to evoked brain activity and behavior.
We hypothesized that prior to rivastigmine treatment, spontaneous brain activity would be lower in PD compared to controls, with the most notable decreases in motor areas including the striatum and motor cortex that are affected by PD, and in regions affected in the earlier stages of Lewy body deposition including the brainstem, thalamus, striatum, and mesocortex (13) . The nucleus basalis -neocortical cholinergic system contributes greatly to attentional function (14) and ChEIs improve attention and executive functions in PDD (1, 7) . Accordingly, we hypothesized that rivastigmine would restore brain activity to normal levels in regions important for the control of attention including the frontal lobes. Further, we hypothesized that this restoration of brain activity would correlate with improvements in controlled attention. Cholinergic activity in prefrontal cortex facilitates cue detection in rats and is thought to bias attention from a default state to a state fostering vigilance toward sensory information (15) (16) (17) . Guided by these studies, we selected a test of controlled attention that requires sustained vigilance and rapid cue detection.
Methods

Subjects
Patients were recruited from University of California, San Francisco (UCSF) movement disorders neurologists, regional PD support group meetings and advertisements in PD newsletters. Exclusion criteria included sinus bradycardia; abnormal Vitamin B12, methylmalonic, RPR or TSH levels (unless on treatment for thyroid condition); prior brain surgery; history of significant drug or alcohol abuse; history of encephalitis, multiple sclerosis, CNS infection, epilepsy, or primary CNS disease besides PD; prior exposure to neuroleptic agents; and use of ChEI within 6 weeks of baseline evaluation of study. Neurologically healthy controls matched on age, gender, and education were recruited from the UCSF Memory and Aging Center project on healthy aging (18) ( Table 1 ). All subjects or their responsible family members gave written informed consent prior to participation in the study, which was approved by the UCSF committee on human research.
Diagnoses of patients and controls were based upon neurological history and examination, an interview with a family member, and a brief neuropsychological assessment previously described (19) . Three patients, from an original sample of 15, dropped out due medication side effects: lightheadedness or dizziness in 2 subjects and gastrointestinal distress in 1 subject. In the sample that completed the study, 6 patients were diagnosed as PDD (20) and 6 patients were diagnosed as PD-MCI (21) . The MCI subtypes were MCI-executive (N=1), MCI-executive, memory (N=1), MCI-executive, visuospatial (N=1), MCI-executive, memory, attention/working memory (N=2), and MCI-executive, memory, attention/working memory, visuospatial (N=1).
Study Medication
The Exelon patch (rivastigmine, Novartis International AG, Basel, Switzerland) was administered at a dosage of 4.6 mg/24 hours from baseline to week 4 and at 9.5 mg/24 hours from week 4 to 12. All patients were taking optimal doses of dopamine replacement therapy prescribed by their neurologist. No subjects initiated new medications or new dosages of current medications during the study. Neuroimaging and cognitive testing occurred at the same time of day at baseline and post-treatment whilst "on" to minimize the effects of dopamine fluctuations on brain activity. We did not withhold dopaminergic medications during image acquisition because head motion can compromise image quality (22) .
Clinical Assessments
The Unified Parkinson's Disease Rating Motor Scale (UPDRS) was administered by a movement disorders trained neurologist at baseline after 12 hours of PD medication withholding. The cognitive assessment was performed at least 45 minutes after subjects took their PD medications when the patients reported feeling in the "on" state. Two cognitive measures were administered at baseline and post-treatment: the Montreal Cognitive Assessment Scale (MoCA) to measure global cognition, and a longer version of the NIH EXAMINER Continuous Performance Test (CPT) to measure controlled attention (examiner.ucsf.edu). On the CPT, subjects press the spacebar quickly when they see a target image (a white star; 150 trials), and withhold response when they see a non-target image (5 randomly sampled white shapes; 150 trials). The inter-stimulus interval is randomly sampled from 1.5s, 2.5s, or 4s. Performance is measured by the median reaction time (milliseconds) on accurate target trials. Accuracy was high with only one poor performance at baseline (67% accurate) and all other performances exceeding 88%. Due to minimal variance in accuracy, we did not analyze accuracy further. Excluding the subject with poor accuracy at baseline did not alter any of the CPT results and we retained his data. Data were missing for two of the patients on the CPT post-treatment due to a computer error.
Image Acquisition
Magnetic resonance images of all subjects were acquired at the UCSF Neuroscience Imaging Center on a 3 Tesla Siemens Tim Trio scanner equipped with a 12-channel receiver head coil. A volumetric magnetization prepared rapid gradient echo (MP-RAGE) sequence was used to obtain T1-weighted images of the entire brain (TR/TE/TI = 2300/3/900 ms, flip angle of 9 degrees, a bandwidth of 240 Hz/pixel, sagittal orientation with a FOV = 256 × 240 mm, 1×1×1 mm 3 resolution, and 160 slices). "Resting state" or task-free fMRI scans were obtained using 36 axial slices (3 mm thick) parallel to the plane connecting the anterior and posterior commissures and covering the whole brain using a T2*-weighted gradient echo-echo planar sequence (TR/TE = 2000/27 ms, flip angle 80°; FOV = 230 × 230 mm; matrix size: 92 × 92; 3 mm slices with 2.5 × 2.5 × 3 mm resolution). All subjects underwent 8 minutes of scanning (240 images) after being instructed only to remain awake with their eyes closed.
Image Preprocessing
Image processing was performed with SPM8. After discarding the first eight frames to allow for magnetic field stabilization, functional images were realigned, slice-time corrected, coregistered to their T1-weighted images, normalized to standard space and smoothed with a 4mm full-width at half-maximum Gaussian kernel (normalization and smoothing were carried out in one step using DARTEL toolbox). The images were resampled at a voxel size of 2 mm 3 .
Head Motion Assessment
Head movements were assessed using the rigid body parameters provided by the SPM8 realign algorithm. All subjects had minimal movements (maximum translation < 2 mm and maximum rotation < 2 degrees). To assess for group differences and differences between the two time points in head motion, mean root-mean-square (RMS) values of volume-to-volume changes were computed for translation and mean Euler angles for rotation, as these summary metrics have been shown to correlate with network connectivity strength (22) . At neither time point did the PD patients differ in translational or rotational movement compared to controls, nor did the two time points within the PD group differ from each other, all ps > .05 (Table 1) .
fALFF Preprocessing and Group Analyses
Amplitude of low frequency analysis was performed using the REST toolbox, following previous methods (8) . After preprocessing, each voxel's BOLD signal time series was detrended and transformed to the frequency domain to obtain the power spectrum. The power of a given frequency is measured as the square of the amplitude at each frequency of the power spectrum. We focused on the low frequency range from 0.01-0.08 Hz because coherent fluctuations in this range are dominant in gray matter and are thought to reflect neural activity, whereas coherent fluctuations above this range are more influenced by cardiovascular or respiratory fluctuations (10) . To further reduce the impact of physiological artifact, fALFF was computed by dividing the sum of the square roots across the 0.01-0.08 Hz range by that across the entire frequency range (0-0.25 Hz). fALFF methods have been detailed and validated in previous publications (9) (10) (11) (12) (23) (24) (25) .
fALFF group comparisons were evaluated using t-tests and statistically thresholded using the joint probability distribution method to correct for multiple comparisons at the whole brain level (26) , p < 0.01 for voxel height and p < 0.05 for cluster extent. Voxel-wise fALFF in gray matter was compared between controls and patients, separately for each time point. To determine if there were treatment-associated changes in brain activity, we compared the patients at baseline to post-treatment. Because we were interested in the effects of ChEIs on abnormal activity, only regions with reduced fALFF compared to controls at either time point were included.
Two clusters differed in fALFF between baseline and post-treatment, and we computed mean fALFF of those voxels. To determine whether the changes resulted in a normalization of brain activity, we compared the mean fALFF values of the patients at each time point to controls using t-tests. In addition, to determine the behavioral relevance of these changes, mean fALFF change scores were calculated for these clusters in the patients (post-treatment minus baseline) and were entered into correlation analyses with changes in the cognitive variables (post-treatment minus baseline).
Results
Performance on the cognitive measures
On the MoCA, the patients did not differ between baseline, 23.0 +/− 4.8, and post-treatment, 24.3 +/− 4.7, assessments, p = 0.16. On the CPT, the patients' median reaction time did not differ between baseline, 579 +/− 108, and post-treatment, 571 +/− 108, assessments, p = 0.44.
Spontaneous brain activity differences between patients and controls
At both baseline and post-treatment, the patients exhibited reduced fALFF compared to controls in several lateral and medial frontal regions including motor areas (e.g., bilateral supplementary motor area) and regions important for executive control (bilateral superior, middle, and inferior frontal gyri). The left hippocampus, the bilateral precuneus and the bilateral angular gyrus, which are regions often targeted by Alzheimer's disease, also showed reduced fALFF at both timepoints. Regarding subcortical structures, the bilateral caudate and the left thalamus showed decreased fALFF at baseline, and the right caudate and the left thalamus showed decreased fALFF at post-treatment, compared to controls. We found prominent medial occipital reductions, particularly at baseline. Overall, a similar group-level pattern of decreased fALFF was found at both time points compared to controls, but the deficits were more extensive at baseline (4,614 voxels) than post-treatment (2,339 voxels) (Supplementary Tables; Figure 1 ). The patients did not show increased fALFF in any regions compared to controls at either time point.
Normalization of spontaneous brain activity associated with treatment
To determine whether rivastigmine had any restorative effects on brain function, we created a mask of regions where the patients showed abnormally low fALFF at either timepoint (i.e., the regions depicted in Figure 1 ). Next, we compared regional fALFF voxel-wise between baseline and post-treatment within the mask. Results indicated that after treatment the patients showed increased fALFF in two clusters: (1) the left precentral gyrus/inferior frontal gyrus pars opercularis and (2) the left supplementary motor area (Table 2) . No regions showed higher fALFF at baseline compared to post-treatment. To determine whether these fALFF changes reflected a restoration of brain function to normal levels, mean fALFF was extracted from all voxels within each cluster for patients at each time point and for the controls. As expected, the patients showed reduced fALFF compared to controls in both the left precentral/inferior frontal gyri cluster, d = −1.56, and the left supplementary motor area cluster, d = −1.50, both ps < 0.001. These levels were restored post-treatment such that the patients no longer differed significantly from controls in the left precentral/inferior frontal gyri, d = −0.25, p = 0.52, or the left supplementary motor area, d = −0.69, p = 0.09. Because the patient-only within-subjects comparison was used to identify the two clusters, the observed "normalization" was not the result of statistical dependency (27) .
Correlations between post-treatment increases in fALFF and changes in cognitive performance
To determine whether the treatment-associated increases in fALFF were behaviorallyrelevant, we correlated the increases in fALFF with changes in global cognition (MoCA) and controlled attention (CPT). Increases in fALFF in the left premotor/inferior frontal gyri cluster correlated with decreases in reaction time on the CPT, r = −0.82, p < 0.01, but not change on the MoCA, r = 0.18, p = 0.58. In the left supplementary motor area cluster, increased fALFF did not correlate significantly with changes on the CPT, r = −0.35, p = 0.36, or the MoCA, r = 0.26, p = 0.41 (Figure 2 ).
Discussion
Rivastigmine is an FDA-approved medication for the symptomatic treatment of PDD with beneficial effects on cognitive and psychiatric symptoms, including attention and executive functions (5) . To investigate the neural systems influenced by the treatment effect, we examined spontaneous brain activity before and after 3 months of rivastigmine treatment in a cognitively impaired PD sample versus controls using fALFF, a new measure of spontaneous brain activity intensity derived from task-free fMRI (8) . At baseline, the PD patients showed numerous regions of decreased spontaneous brain activity and no regions of increased spontaneous brain activity compared to controls. After 3 months of treatment, the pattern of decreased spontaneous brain activity was topographically similar but less extensive. Rivastigmine treatment was associated with restoration of spontaneous brain activity in the left premotor gyrus, the left inferior frontal gyrus pars opercularis, and the left supplementary motor area. The degree of treatment-associated increases in left premotor and inferior frontal gyri brain activity was associated with improvements in controlled attention. The results suggest that rivastigmine may support cognitive function in cognitively impaired PD patients by enhancing left frontal lobe brain activity.
In PD and PDD, cholinergic deficits are profound and widespread (28) . Although ChEIs impact a diverse range of cognitive functions in PD, frontally-mediated and externallyfocused attention and executive functions appear to benefit the most (1, 2) . In a previous SPECT study, ChEI treatment in PDD was associated with increases in regional cerebral blood flow in the bilateral anterior cingulate cortex, the bilateral superior frontal gyri, the left precentral gyrus, the left superior frontal gyrus, and bilateral frontal white matter (29) . In the present study, increases in spontaneous brain activity in left frontal regions were associated with improvements in controlled attention. Why ChEI treatment preferentially enhances brain activity in the left hemisphere remains uncertain, but this lateralization result could help explain the strong correlation with the CPT, which was completed using the right hand in all individuals. The CPT requires successful interplay between controlled attention and motor preparation of the dominant hand. Taken together, ChEI treatment in cognitively impaired PD may help to restore brain activity in left frontal regions and support frontal functions including controlled attention.
At baseline, we detected numerous regions of decreased spontaneous brain activity in the patients compared to controls. The caudate and lateral frontal cortex findings are consistent with known frontal-striatal dysfunction in PD (30) . The prominent medial occipital reductions may reflect the severe acetylcholine activity reductions in this region (28) . Findings of decreased spontaneous brain activity in the precuneus, posterior cingulate, and the angular gyrus might reflect the co-occurrence of Alzheimer's pathology in some of the sample. Interestingly, decreased spontaneous brain activity was not observed in the brainstem or amygdala, some of the earliest areas affected by Lewy pathology (13) . Our results converge with previous findings of ALFF reductions in the bilateral supplementary motor area, the left middle frontal gyrus, the right precentral gyrus, the inferior occipital gyrus and the cerebellum (31) , and of ALFF reductions in the left rolandic operculum (32) in PD. The only previous report of fALFF in PD also found prefrontal decreases whilst ON but not OFF dopaminergic medication (33) .
The present study lacked a placebo-treated comparison sample, and it is possible that some factor other than the effect of rivastigmine, such as disease progression, caused the functional brain changes. Post-treatment fALFF results were much more similar to controls, however, than were the pre-treatment results, and gains in left frontal regions were paralleled by improved attention. These observations suggest that a positive "restoring" treatment effect, rather than disease progression, is likely to account for the reported findings. It is also important to note that PD patients respond variably to ChEIs (7), and not all patients in this study evidenced improved attention. Those that responded in terms of improved attention were more likely to show the increased frontal brain activity.
In summary, we used a new metric of brain activity measured during task-free fMRI to evaluate the effects of rivastigmine in cognitively impaired PD. This metric appears to be sensitive to the pathophysiological effects of PD, as the patients showed extensive reductions in spontaneous brain activity compared to controls. Treatment was associated with a restoration of spontaneous brain activity in the left precentral and inferior frontal gyri and in the left supplementary motor area. Brain activity increase in the left precentral and inferior frontal gyri was associated with improvements in controlled attention but not in global cognitive function. ChEI treatment may improve attention and executive functions by increasing the power of spontaneous brain activity in the left frontal lobe.
Supplementary Material
Refer to Web version on PubMed Central for supplementary material. Patients with PD show distributed reductions compared to controls in brain activity as measured by fALFF at both baseline (red) and post-treatment (blue); the overlap is shown in purple. Results are generated with a joint height-extent threshold (p<0.01 peak height and p<0.05 extent). PD showed no significant increases compared to controls at either timepoint. ACC = anterior cingulate; MFG = middle frontal gyrus; IFG = inferior frontal gyrus; SMA = supplementary motor area; CN = caudate nucleus; PcG = precentral gyrus; THAL = thalamus; PCUN = precuneus; PoG = postcentral gyrus; HC = hippocampus; CaC = calcarine cortex; PD = Parkinson's disease; NC = normal controls. A. Regions where PD patients showed greater fALFF at post-treatment compared to baseline. B. Bar graphs depict mean fALLF*100 with standard errors bars for each cluster by group. At baseline, the PD patients differed in mean fALLF in each cluster from post-treatment and from the NCs; the PD patients post-treatment did not differ from controls. C. The increase in local functional activity (mean falff*100) in the left precentral/inferior frontal gyri (PCG/IFG) cluster correlates significantly with improvement on the Continuous Performance Test (CPT). No other correlations with cognitive change scores were significant, including the correlation between this cluster and change on the Montreal Cognitive Assessment (MoCA) or the correlations between improvement in the left supplementary motor (SMA) cluster and change on the CPT or MoCA. Negative scores on the CPT Change indicate faster median reaction times (milliseconds) after treatment, and positive scores on the MoCA Change indicate higher MoCA scores after treatment. Regions where PD patients showed greater fALFF at post-treatment compared to baseline Group difference map was generated with a joint height-extent threshold (p < 0.01 for peak height and p< 0.05 for spatial extent). Anatomical regions and Brodmann areas were identified with AAL and Brodmann area atlas using the WFU Pickatlas toolbox. PD patients at baseline did not show greater fALFF in any regions compared to post-treatment.
